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Abstract 
 
An investigation into material wrinkling failure mechanics of conventional metal spinning and the effects of 
process parameters and material properties are presented in this paper. By developing finite element (FE) 
models using the Box-Behnken Design of Experiments, the effects of six key process and material 
parameters on the start of material wrinkling have been investigated. These key factors include roller feed 
SHUSDVVIHHGUDWHWKLFNQHVVWRROSDWKSURILOH<RXQJ¶VPRGXOXV<LHOGVWUHVVDQGVWUDLQKDUGening exponent. 
The results of FE simulation are validated by comparing the modelled roller tool forces and spun part end 
shape with that measured during a spinning experiment.  
 
From FE simulations, large residual stresses in the form of bending moments are found to be present in the 
flange of the blank, induced by the roller contact. It is found that material wrinkling failure begins when a 
plastic hinge is formed between the roller and the edge of the blank. It is found that both roller feed per pass 
and feed rate produce the most significant effect on the initiation of wrinkling failure as they increase the 
bending stresses causing a plastic hinge to form more rapidly thus wrinkling to occur more quickly. 
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Conventional metal spinning; wrinkling failure; Box-Behnken design of experiments; Finite Element 
method; 
 
1. Introduction 
 
Metal spinning in modern times has been widely used in various industries requiring high precision material 
processing, some examples of spun parts including aero engine inlet rings, pressure vessel, large bearing 
rings for wind turbines, and jet-engine nose cones. As one of the near-net shape forming processes, sheet 
metal spinning involves the feeding motion of one or more rollers against a metal sheet rotating together with 
the main spindle of a machine to obtain desired geometries by inducing continuous and localized plastic 
deformation on the sheet, as shown in Fig. 1. Due to the nature of localized material deformation, this 
process has inherent advantages, such as low forming loads, simple tooling, good dimensional accuracy, high 
material utilization, low production costs and improved mechanical properties, be apt to obtain lightweight 
parts with flexibility in manufacturing [1]. 
 
:ULQNOLQJLVRQHRIWKUHHPDWHULDOSURFHVVLQJIDLOXUHVFRPPRQO\REVHUYHGLQWKHVKHHWPHWDOVSLQQLQJ>-@
%HIRUH)LQLWH(OHPHQW)(DQDO\VLVZDVILUVWXVHGWRVLPXODWHWKHPHWDOVSLQQLQJSURFHVVWKHVWUHVVVWDWHLQ
WKHIRUPLQJUHJLRQZDVDFFHSWHGWREHDVVKRZQLQ)LJ>@&RQWUDU\WRWKLVVHYHUDO)(PRGHOVKDYHIRXQG
WKDWLQWKHUROOHUFRQWDFWDUHDWKHPHWDOEODQNLVVXEMHFWWRORFDOEHQGLQJ6HEDVWDQLHWDO>@:DQJDQG/RQJ
>@QRWHGWKDWRQO\DVPDOOSRUWLRQRIWKHXQVXSSRUWHGIODQJHZDVXQGHUFRPSUHVVLYHWDQJHQWLDOVWUHVVHV7KH\
QRWHGWKDWDWRRWKHGVWUHVVSDWWHUQDSSHDUHGLQWKHIODQJHKRZHYHUWKLVFRXOGQRWEHVKRZQDVDSUH-VWDWHWR
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ZULQNOLQJ IDLOXUH >-@ ,QVWHDGZULQNOLQJRFFXUUHG LI WKH DUHDRIKLJKFRPSUHVVLYH WDQJHQWLDO VWUHVV LQ WKH
IODQJH GLG QRW ³UHFRYHU´ WR D WHQVLOH WDQJHQWLDO VWUHVV ZKHQ WKH UROOHU FRQWDFW PRYHG DZD\ 0XVLF DQG
$OOZRRG >@ KRZHYHU LGHQWLILHG WZR VHSDUDWH PRGHV RI ZULQNOLQJ IDLOXUH WKH ILUVW LV VLPLODU WR WKH RQH
LGHQWLILHG DERYH DQG WKH VHFRQG KDSSHQV ODWHU LQ WKH SURFHVV DQG LV PRUH VLPLODU WR ZULQNOLQJ LQ GHHS
GUDZLQJ 
 
,WLVJHQHUDOO\DFFHSWHGWKDWZULQNOLQJLQWKHIODQJHLVDVKHHWEXFNOLQJSKHQRPHQRQILUVWSURSRVHGE\6HQLRU
>@ DQG.RED\DVKL >@7KLV LV EDVHGRQ WKH DVVXPSWLRQ WKDW FRPSUHVVLYH VWUHVVHV DORQJ WKH FLUFXPIHUHQFH
GLUHFWLRQRIWKHVKHHWDUHLQGXFHGGXHWRWKHDFWLRQRIWKHUROOHUDVLOOXVWUDWHGLQ)LJ6HQLRU>@LGHQWLILHG
WKDWWKHHQHUJ\PHWKRGZDVDSRVVLEOHPHWKRGIRUSUHGLFWLQJWKHVKHHWEXFNOLQJIDLOXUHZKHUHE\DGHIHFWHG
VKDSHZDVDVVXPHGDQG WKHSRWHQWLDO HQHUJ\UHODWLQJ WR WKLVGHIHFWLRQZDVHYDOXDWHG7KHFULWLFDOFRQGLWLRQ
ZDVJLYHQZKHQWKH WRWDO HQHUJ\ WRUHVWRUH HTXLOLEULXPZDVHTXDO WR WKDWRI WKHIRUFHVZKLFKSURGXFHG WKH
GHIHFWLRQ7KLVZDVWKHPHWKRGXVHGE\6HQLRU>@WRGHYHORSWKHLQVWDELOLW\WKHRU\IRUGHHSGUDZLQJDQGZDV
ODWHUDGDSWHGE\.RED\DVKL>@IRUPHWDOVSLQQLQJ+RZHYHUWKLVPHWKRGPD\QRWEHDFFXUDWHGXHWR6HQLRU
>@QHJOHFWLQJWKHUDGLDOVWUHVVLQWKHEODQNDQGWKHVWDWLFFRQGLWLRQLPSRVHGE\XVHRIWKHHQHUJ\PHWKRG 
 
Fig. 1 Theoretical stress distributions of the forming region during spinning [6] 
 
Most of the experimental investigations on material failures focused on shear forming rather than 
conventional spinning. The failure studies in the shear forming have been carried out by investigating the 
spinnability, which was first mentioned by Kegg [10] as the ability of metal blank to undergo shear forming 
without fracture. Hayama and Tago [11] further refined the term of spinnability as the ability of a sheet metal 
to undergo deformation by shear forming without the wrinkles in the flange and no fractures on the blank 
wall. Most recently, Kawai et al. [12] conducted spinnability studieV RI ³GLH-OHVV´ VKHDU IRUPLQJ RI both 
conical and hemispherical parts by using a cylindrical mandrel.  
 
7RLQYHVWLJDWHWKHLQLWLDWLRQRIPDWHULDOZULQNOLQJ+D\DPDHWDO>@PHDVXUHGWKHUDGLDODQGFLUFXPIHUHQWLDO
VWUDLQVDVZHOODVWKHSHULRGLFYDULDWLRQVRIFXUYDWXUHVRQWKHIODQJHE\DWWDFKLQJVWUDLQJDXJHVRQERWKVLGHV
RIWKHIODQJHEHIRUHVSLQQLQJ,QDODWHUVWXG\+D\DPD>@XVHGWKHVXGGHQFKDQJHRIWKHYLEUDWLRQRIWKH
D[LDO IRUFH WKH IHHGLQJ IRUFH WR GHWHUPLQH WKH H[DFW PRPHQW ZKHQ WKH ZULQNOLQJ RFFXUUHG LQ WKH VKHDU
IRUPLQJ$UDL>@XVHGDODVHUVHQVRUWRPHDVXUHWKHIODQJHZULQNOHVDQGDIRUFHWUDQVGXFHUWRPHDVXUHWKH
WRROIRUFHVLQDVKHDUIRUPLQJSURFHVVFRQFOXGHGWKDWWKHIOXFWXDWLRQVRIWRROIRUFHVFRXOGEHXVHGWRGHWHFW
WKHLQLWLDWLRQRIZULQNOLQJIDLOXUHV 
 
While some experimental studies focusing on wrinkling failure in shear forming have been completed only 
few has been found concerning conventional metal spinning. Limited spinability studies were conducted 
using a single pass process by Xia et al [16]. This was supported by the results produced by Essa and Hartley 
[17], who carried out FE simulation based on Xia et al. experimental work. An experimental study on 
wrinkling was performed and it concluded that the tool force increased when wrinkling occurs and this 
Forward roller pass Backward roller pass 
Mandrel rotation Mandrel rotation 
Blank Blank 
Roller Roller 
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increase was dependent on the blank material [18]. Kleiner et al. [19] studied the evolution of wrinkles 
during the first pass of conventional spinning. They observed that the wrinkles progressed with the roller 
movement and divided the wrinkling into 5 stages. They found that at the onset a single wrinkle existed 
under the roller and after the first complete revolution the wrinkles grew in aptitude with subsequent 
revolutions. They concluded that the wrinkling was not only caused by static buckling but also influenced or 
even triggered by the dynamic effects from the feeding of roller and the rotation of the blank.  
 
The effect of process parameters on wrinkling in the conventional spinning and shear forming have been 
studied in few reported work. Kleiner et al [19] reported that the diameter and thickness of the blank had the 
most significant effect on the wrinkling failure in the conventional spinning. Hayama et al [14] reported that 
the feed ratio, thickness and diameter of the blank were very important factors for the wrinkling in shear 
forming process. Wang and Long [20] developed the feed ratio limit diagram based on FE simulations to 
predict wrinkling failure in conventional spinning. The authors also studied effects of roller path profiles and 
tool compensation on wrinkling by conducting both FE simulation and experimental validation [21]. In 
general, if reducing the blank thickness or increasing the feed ratio and sheet diameter the possibility of 
wrinkling failures will increase accordingly [18]. Further investigation is needed to develop an in-depth 
understanding of wrinkling failure mechanics thus to develop an accurate method to predict the occurrence 
of wrinkling in metal spinning. 
 
In this paper, an investigation into wrinkling failure mechanics of conventional metal spinning and the effect 
of process parameters is presented. By developing finite element models using Box-Behnken Design of 
Experiments, the effects of six key process and material parameters on the start of material wrinkling has 
been investigated. These key parameters include roller feed per pass, feed rate, thickness, tool path profile, 
<RXQJ¶VPRGXOXV<LHOGVWUHVVDQGVWUDLQKDUGHQLQJH[SRQHQW The results of FE simulation are validated by 
comparing the modelled roller forces and spun part end shape with that measured during a spinning 
experiment. From FE simulation, large residual stresses in the form of bending moments are found to be 
present in the flange, induced by the roller contact. It is found that wrinkling failure begins when a plastic 
hinge is formed between the roller and the edge of the blank. These bending moments cause the wrinkled 
state of the flange to be energetically favourable, which is seen as a reduction in the magnitude of these 
moments and the elastic strain energy of the FE model at the point of wrinkling. The shape of the ideal 
involute roller path for the first pass of conventional spinning has been investigated and an angle of 40 
degrees has been found to be optimum for the first pass to prevent wrinkling failure. It was found that both 
roller feed per pass and feed rate produced the most significant effect in the initiation of wrinkling failure as 
they increased the bending stresses causing a plastic hinge to form more rapidly thus wrinkling to occur more 
quickly.  
 
2. Development of Finite Element Models 
 
2.1 Selection of simulation algorithm 
 
7KHPHWDOVSLQQLQJSURFHVVFRQWDLQVQRQ-OLQHDULW\LQWKHFRQWDFWERXQGDU\FRQGLWLRQVWKHSODVWLFIORZRIWKH
ZRUNSLHFHDQG WKH ODUJHGHIRUPDWLRQRIJHRPHWU\ ,QVWDELOLWLHVVXFKDV PDWHULDO ZULQNOLQJIDLOXUH FDQDOVR
FDXVHFRQYHUJHQFHSUREOHPVLIG\QDPLFLPSOLFLWVROXWLRQPHWKRGVDUHXVHG%\FRQWUDVWWKHVPDOOWLPHVWHSV
DQG OLQHDU DSSUR[LPDWLRQ XVHG E\ H[SOLFLW IRUPXODWLRQV FDQ FRSH ZHOO ZLWK QRQ-OLQHDULW\ EHFDXVH
GLVSODFHPHQWVDUHFDOFXODWHGZLWKRXWUHIHUHQFH WR WKHHQG WLPHVWDWH7KHH[SOLFLWPHWKRGDSSUR[LPDWHV WKH
V\VWHPWREHOLQHDUWRGHWHUPLQHWKHSURSHUWLHVRIWKHV\VWHPIRUHDFKWLPHLQWHUYDO%HFDXVHRIWKLVWKHVWDEOH
WLPHLQFUHPHQWRIWKHDQDO\VLVLVYHU\VPDOO7KHPD[LPXPVWDEOHWLPHLQFUHPHQWGWIRUDQH[SOLFLWPRGHOLV
JLYHQE\WKH&RXUDQWFRQGLWLRQZKLFK LVSURSRUWLRQDOWRDFKDUDFWHULVWLFOHQJWKRIWKHVPDOOHVWHOHPHQW/H
DQGWKHVTXDUHURRWRIWKHGHQVLW\RIWKHPDWHULDOXVHGUDVVKRZQEHORZ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It is clear that the maximum stable time increment can be increased by artificially increasing the density of 
the material; this is known as mass scaling. The overall solution time can also be reduced by applying forces 
and displacements more quickly; this is known as load rate scaling. As shown in Equation (1), mass scaling 
reduces the simulation time by the square root of the mass scaling factor. Load rate scaling however 
produces a linear increase in simulation speed by reducing the spinning process time. Because of this it has 
been concluded by Hamilton and Long [22] that load rate scaling is more appropriate for simulating the 
spinning process if no rate dependency of the material is taken into consideration. However, if the scaling 
factor used is too high, the corresponding inertial forces will affect the mechanical response and produce 
unrealistic dynamic effect. Therefore the scaling factor should be carefully selected [6]. The commercial 
software ABAQUS Explicit is used in this study.  
 
2.2 Spinning process setup and modelling 
 
The spinning process set up used in the FE simulation is shown in Fig. 2, similar to that used in the 
experimental testing of spinning force measurement reported by Long et al. [18]. The back plate and roller 
are modelled as analytical rigid bodies leaving the blank as the only deformable body in the simulation. The 
blank is meshed with 8 node hexahedral continuum shell elements with enhanced hourglass control and 
reduced integration to relive shear locking. The central portion of the blank, where it is clamped against the 
back plate, is neglected in order to improve the computational efficiency. The domain parallelization is used 
in this study as it typically produces a larger speed up and scales better with more processors.  
 
The penalty contact algorithm is used in the FE simulation, which has been used successfully in many 
previous models as reported in the literature [6, 21, 23-24]. The coulomb friction coefficients of contact 
surfaces are defined as back plate to blank 0.3, mandrel to blank 0.3, and roller to blank 0.35 where the 
degree of freedom of the roller is allowed for by boundary conditions set in the local coordinate system of 
the roller and a more realistic friction coefficient has been selected. The spinning process has been split into 
3 steps to allow the boundary conditions of the FE model to change as they would during the actual spinning 
process. These steps are: clamping the blank in place, beginning rotation of the blank, and forming the blank 
by the action of the roller. 
 
 
 
Fig. 2 Illustration of spinning process set up 
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,QRUGHUWRJDLQDPRUHJHQHUDOLVHGXQGHUVWDQGLQJRIWKHHIIHFWRIWKHPDWHULDOSURSHUWLHVRQWKHPHFKDQLFVRI
ZULQNOLQJ IDLOXUH LQ WKHEODQN PDWHULDOVZLOO EH PRGHOOHG LQ WHUPVRI D<RXQJ¶V PRGXOXV \LHOG VWUHVV DQG
VWUDLQKDUGHQLQJH[SRQHQW7KHVHDUHUHODWHG WR WKHVWUDLQE\(TXDWLRQ7KHXVHRI WKLV HTXDWLRQ IRUFHV D
GHILQLWH \LHOG SRLQW LQ WKH PDWHULDO PRGHO %HFDXVH RI WKLV WKH YDOLGDWLRQ FDVH DQG KHQFH WKH IRFXV RI WKLV
VWXG\ZLOOEHRQVWHHOOLNHPDWHULDOV 
ߪ ൌ ൞ ܧ߳ǡ ߳ ൑ ߪாܧ ǡߪா ൬ܧ߳ߪா൰௡ ǡ ߳ ൒ ߪாܧ Ǥ 
            (2) 
 
Fig. 3 Involute roller paths used in FE simulations 
 
The roller path used for the study was an involute path described by 100 points per pass found using 
Equations 3. An involute path was chosen as this has been shown to produce the lowest stresses in the work 
piece [18, 21, 25]. The path was scaled to fit the diameter of the blank and the required feed rate. The timing 
of this path was controlled to give a constant feed rate in the axial direction of the roller. Graphs of the 
involute path used in the FE models to find an optimum roller pass are shown in Fig. 3, where the path is 
defined by the x- and z-coordinate as given in Fig. 3. The start point of the path was chosen to ensure that the 
path did not force compression of the blank between the roller and the mandrel. The defining angle of an 
involute path controls the curvature of the roller path; an angle of 0 degree would be a straight line as shown 
in Fig. 3. In order to optimise the defining angle for an involute path, 9 models were created with defining 
angles of 10 to 90 degrees for their first pass and a linear second pass is used as shown in Fig. 3. 
 ݔ ൌ ܽሺ ݐ ൅ ݐ  ݐሻ ݕ ൌ ܽሺ ݐ െ ݐ  ݐሻ 
         (3) 
 
3. Box-Behnken Design of Experiments 
 
This study considers three process parameters and three material properties using the Design of Experiments 
(DOE) to investigate which factors are the most important with regards to the occurrence of material 
wrinkling failure and why they have this effect. The three process parameters are the roller feed per pass, 
feed rate and thickness of the blank, the material pURSHUWLHV DUH <RXQJ¶V PRGXOXV \ield stress and strain 
hardening exponent. A typical value of each parameter is selected based on previous work of the authors, 
Wang and Long [6, 18, 21, 25] and it is decided that each parameter should be allowed to vary by the same 
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percentage of its typical value. A Box-Behnken design is used to investigate the process parameters and 
material properties on wrinkling as this reduces the number of computational experiments needed while 
ensuring the maximum possible information about the system response can be gained. Fig. 4 compares a 
three-variable full factorial design with the Box-Behnken design geometrically, where the number of 
experimental runs is reduced from 33 = 27 to 13 runs. The Box-Behnken design is a spherical design, with all 
points lying on a sphere of radius of  ?૛Ǥ It does not contain any points on the vertices of the cubic region 
created by the upper and lower limits of each variable. For six variables used in this study, the number of 
experiments is reduced from 63 = 216 in the full factorial design to 49 in the Box-Behnken design.  
 
 
Fig. 4 Illustration of design of experiments for three variables 
 
Several test cases using FE models were run and a setup of process parameters was devised in which all 
models would fail by wrinkling during the simulation of spinning process. The maximum percentage of 
variation of the variables that could be tolerated to achieve this scheme was 15%. The typical values for the 
material properties were chosen to be close to those of the material used in the experimental study which will 
be used in the validation of FE models. The typical values for the process parameters were chosen to enforce 
the scheme described above. The typical values as well as the maximum and minimum values used for each 
of the parameters are shown in Table 1. 
 
In total 49 runs of parameter variations using the Box-Benhnken DOE were created as part of this analysis, a 
full list of models is provided in Appendix 1. Run number 49 contained the typical values of process and 
material parameters. The Matlab codes were created to generate the changing variables for each parameter 
considered in 49 runs. The python codes were produced to create the 49 FE models and execute the FE 
simulations and data analysis automatically.  
 
Table 1 Parameters used in the Box Behnken Design of Experiments 
 Feed per pass 
(mm) 
Feed rate 
(mm/s) 
Blank thickness 
(mm) 
<RXQJ¶V
Modulus (MPa) 
Yield stress 
(MPa) 
Strain hardening 
exponent 
Min value 10.625 5.1 1.19 151 470 212.5 0.0663 
Mid value 12.5 6 1.4 178 200 250 0.078 
Max value 14.375 6.9 1.61 204 930 287.5 0.0895 
 
 
4. Validation of Finite Element Models  
 
4.1 Comparison of FE modelled roller forces with experimental measurement 
 
7KH )( PRGHO GHYHORSHG LV YDOLGDWHG E\ FRPSDULQJ WKH VLPXODWHG UROOHU IRUFHV ZLWK WKDW PHDVXUHG LQ DQ
H[SHULPHQWDOWHVWLQJ,QWKHH[SHULPHQWDOWHVWLQJVSLQQLQJUROOHUIRUFHVLQWKUHH RUWKRJRQDOGLUHFWLRQVUDGLDO
D[LDODQGWDQJHQWLDODUHREWDLQHGXVLQJD.LVWOHUSLH]RHOHFWULFIRUFHWUDQVGXFHU>@7KHVHIRUFHFRPSRQHQWV
1 
+1 
+1 
1 
1 
x1 
x2 
x3 
(a) Full Factorial Design (b) Box-Behnken Design 
+1 
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DUHGHILQHGDV)$[LDO/RFDO)5DGLDO/RFDO DQG)7DQJHQWLDO/RFDO DV VKRZQ LQ )LJ D7KH PHDVXUHGD[LDO DQG UDGLDO
IRUFHFRPSRQHQWVLQWKHORFDOFRRUGLQDWHVDUHWKHQUHVROYHGLQWRWKHJOREDOFRRUGLQDWHV\VWHP;<DQG=
7KHWKUHHJOREDOIRUFHFRPSRQHQWVDUHGHILQHGDV)$[LDO)5DGLDODQG)7DQJHQWLDOZKLFKDUHXVHGLQWKHWRROIRUFH
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Fig. 6 Comparison of axial roller force of the first pass obtained from FE simulation and experiment 
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5. Results and Discussion 
 
5.1 Global stress distribution 
The maximum in-plane principal stresses of the top and bottom surface of the blank are shown in Fig. 7. 
Zone A includes an area of high stress due to the blank being bent over the mandrel, resulting tensile stress 
on the top surface and compressive stress on the bottom surface. The tool contact is in a region (B) of high 
compressive stress on the top and tensile stress on the bottom and is responsible for the spiral pattern of 
stress visible in region C. The spiral region appears not only to be under equivalent tension state as 
previously thought [5] but also subject to bending stresses (D) with the top surface subject to high tangential 
tension and the lower surface in tangential compression. This is a consequence of the shape that the blank is 
being formed into. The top and bottom surfaces of the blank are originally equal but end with one surface 
compressed to become the inner surface of the spun part and the other stretched to form the outer surface.  
 
Another region of bending exists as indicated by region E on Fig. 7 (c). This region is bending in resistance 
to the deformation of the roller, however it is bending upwards. This can be visualised if the entire blank is 
thought to be to some extent pivoting around its contact with the mandrel at point A. Examination of the von 
Mises results for the bottom surface indicates that this area is yielding. This presents another mechanism for 
circumferential cracking as this area of the blank is under bending stresses which regularly reverse as the 
blank rotates. 
 
      
(a) Wrinkling modelling         (b) Top surface        (c) Bottom surface 
Fig. 7 Maximum in-plane principal stress of top and bottom surface of the blank 
 
5.2 Stress distribution during the development of wrinkling 
The development of the tangential stresses on the top and bottom surfaces during the first roller pass, shown 
in Fig. 8, is examined by looking at lines of elements around the circumference in plane with the contact of 
the roller. Fig. 9 illustrates the circumference section of the blank under roller contact and the residual 
bending moments plus bending moments caused by the external force of the roller. At the start of the first 
pass, the tangential stress distribution is characterised by high bending stresses in the plane of the roller 
contact (T = 0q) and low stresses in the rest of the circumferential ring (Fig. 8a). In addition to this the top 
surface away from the plane of roller movement is generally in tension while the bottom surface is in 
compression, this is consistent with the flange being bent inwards. All of the stresses present are below the 
material yield stress of 250 MPa. The stress in plane with the roller (T = 0q) also drops significantly as the 
direction of travel of the roller changes from into the blank at the start of the pass, to heading more towards 
the edge of the blank at the end of the pass (Fig. 8b). The bending moments at either side of the roller 
contact (T = 0q), resisting its motion, increase as the roller nears the edge of the blank as less support can be 
provided from stiffer parts of the blank nearer the clamped portion to the mandrel. 
B A 
  
 
 
 
D 
D 
E 
 
C 
  
E 
A 
  
B 
D 
D 
Int J Adv Manuf Technol (2015) 78:981-995 
DOI 10.1007/s00170-014-6694-6     Springer 
 
 
 
(a) Near the start of first pass 
 
 
 
(b) Near the end of first pass 
 
Fig. 8 Distributions of tangential stress on top and bottom surface during the first roller pass 
 
 
 
Fig. 9 Illustration of residual moments induced by the roller contact 
 
To examine the stress state of the blank throughout the process of wrinkling, results from three consecutive 
time frames have been compared in Fig. 10. These frames correspond to a moment just before (a), during (b) 
and just after (c) the appearance of the first wrinkles. The stress distributions in Fig. 10a relating to the 
moment just before wrinkling indicate that the bending stresses in the blank away from the contact have 
grown such that large compressive and tensile stresses could be observed on the blank on either side of the 
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roller contact (T = 0q). The compressive stress away from the roller contact has also risen to around 100 
MPa, when comparing with the stresses during the first pass (Fig. 8a). In the area affected by the roller 
contact the characteristic wide resisting moments can be seen again with low tangential stresses in the plane 
of roller motion (T = 0q).  
 
(a) Before the apprearance of first wrinkles 
 
(b) During the apprearance of first wrinkles 
 
(c) Just after the apprearance of first wrinkles 
Fig. 10  Tangential stresses at time frames during the appearance of the first wrinkles 
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)LJ E VKRZLQJ WKH PRPHQW RI ZULQNOLQJ PXVW EH WKRXJKW RI DV D VQDS VKRW RI D QRZ KLJKO\ G\QDPLF
SURFHVV([DPLQDWLRQRIWKHGLVSODFHPHQWSORWVUHYHDOVWKLVWLPHIUDPHUHODWHVWRWKHUROOHUSDVVLQJRYHUZKDW
LV WREHFRPHWKHERWWRPRIDZULQNOH ,Q WKLVVLWXDWLRQ WKHSODQHRIUROOHUPRYHPHQW LV IODQNHGE\UHVLGXDO
PRPHQWVZKLFKDFWWRIRUFHWKHVHFWLRQRIWKHEODQNLQSODQHZLWKWKHUROOHUGRZQZDUGV7KHVHDUHUHOLHYHG
E\WKH\LHOGLQJRIWKHEODQNLQSODQHZLWKWKHUROOHULQWKHIRUPRIDSODVWLFKLQJHDVLOOXVWUDWHGLQ)LJ7KH
UDGLDOEHQGLQJVWUHVVHVFDXVHGE\IODQJHOHDQLQJDUHDOVRUHOLYHG7KLVGHIRUPDWLRQUHVXOWVLQOHVVVWUHVVLQWKH
EODQN DQG WKHUHIRUH OHVV HODVWLF VWUDLQ WKLV PDNHV WKH DFW RI ZULQNOLQJ HQHUJHWLFDOO\ IDYRUDEOH 7KLV LV
FRQILUPHGE\WKHHIIHFWRIZULQNOLQJRQWKHHODVWLFVWUDLQHQHUJ\RIWKHPRGHOZKLFKLVVKRZQLQ)LJ 
 
In the final time frame of stress distributions, shown in Fig. 10c, relates to the moment that the top of a 
wrinkle is passing under the roller, this produces a very different stress pattern to the previous time frame in 
Fig. 10b. Here the supporting moments are very large, this could be due to similar effects as dynamic impact 
or the feed rate being artificially increased due to the presence of a wrinkle. It can also be seen that the 
stresses away from the contact are generally lower than the previous time frames due to the formation of 
wrinkling, shown in Fig. 10c. In addition to providing insight into the mechanisms of failure and its causes, 
this analysis has provided a definite point at which the blank can be said to have wrinkled. The point at 
which the strain energy indicates that wrinkling is occurring, shown in Fig. 11, should be used as the time of 
material failure of wrinkling, which will be used in the following analysis. 
 
 
Fig. 11 Elastic strain energy of the 3 time frames examined as indicated by dashed lines. 
 
 
5.3 Effect of roller path on the initiation of wrinkling 
 
The defining angle of an involute path controls the curvature of the roller path, as shown in Fig. 4. As 
described above wrinkling failure is triggered by the formation of a plastic hinge between the roller and the 
edge of the blank (Fig. 9). If this is the case it is reasonable to assume that when the roller is closer to the 
edge of the blank the process will be more susceptible to wrinkling failure. During the first pass too low a 
defining angle will cause equal deformation to the sensitive outer areas of the blank as the inner areas. Too 
high an angle will force the roller more directly into the blank at the start of the pass causing high bending 
stresses which could also result in the formation of a plastic hinge. 
 
$OOPRGHOVRILQYROXWHSDWKGHILQHGLQ)LJZHUHVROYHGWZLFHHDFKXVLQJFRUHVDQGGRPDLQVWRPLQLPL]H
UDQGRPFRPSXWDWLRQDOHUURUV LQXVLQJGRPDLQSDUDOOHOL]DWLRQ$OOPRGHOV IDLOHGGXULQJ WKHVHFRQGSDVVDQG
WKH WLPH WR IDLOXUH DV LQGLFDWHG E\ WKH HODVWLF VWUDLQ HQHUJ\ ZDV UHFRUGHG7KH UHVXOWV IRU WKLV DQDO\VLV DUH
VKRZQLQ)LJ7KHUHVXOWVVKRZWKDWWKHRSWLPXPGHILQLQJDQJOHIRUWKHILUVWSDVVRIWKLVVSLQQLQJSURFHVV
LVDURXQGR 
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Fig. 12 Defining angle vs. time to wrinkling failure for the involute path models 
 
5.4 Effect of process and material parameters on the initiation of wrinkling 
)RU HDFK SDUDPHWHU LQYHVWLJDWHG WKH %R[-%HKQNHQ GHVLJQ FUHDWHV  SDLUV RI PRGHOV LQ ZKLFK RQO\ WKH
SDUDPHWHURI LQWHUHVW YDULHV7KH WLPH WR IDLOXUH GHILQHGE\D FKDQJH LQ WKH HODVWLF VWUDLQ HQHUJ\RI WKHVH
SDLUV DUH FRPSDUHG LQ RUGHU WR XQGHUVWDQG ZKLFK SDUDPHWHUV DUH PRVW LPSRUWDQW WR WKH RQVHW RI ZULQNOLQJ
IDLOXUH,QDGGLWLRQWRWKLVZKHUHDQLPSRUWDQWIDFWRUKDVEHHQIRXQGLWVHIIHFWRQWKHSURFHVVPHFKDQLFVKDV
EHHQH[DPLQHG 
 
,QFUHDVLQJWKHWRWDOIHHGSHUSDVVKDGDQHJDWLYHHIIHFWRQWKHWLPHWRIDLOXUHIRURXWRIWKHPRGHOSDLUV
WKH H[FHSWLRQVEHLQJ WKRVH PRGHOV ZLWK DKLJK EODQN WKLFNQHVV([DPLQDWLRQRI WKH WDQJHQWLDO VWUHVV DW WKH
HGJHRIWKHEODQNDVVKRZQLQ)LJUHYHDOVWKDWIRUDKLJKHUWRWDOIHHGPXFKKLJKHUEHQGLQJVWUHVVHVH[LVW
DVVXSSRUWLQJPRPHQWVDFWLQJDJDLQVWWKHUROOHU$QRWKHUHIIHFWFDQEHVHHQDVWKHUROOHUQHDUVWKHHGJHWKH
EODQNWKHEHQGLQJVWUHVVLQSODQHZLWKWKHUROOHUPRYHPHQWLQFUHDVHVWRDOPRVWDQRUGHURIPDJQLWXGHPRUH
IRUWKHODUJHVWIHHGSHUSDVVFRPSDUHGWRWKHVPDOOHVWE\FRPSDULQJWZRFDVHVJLYHQLQ)LJ7KHVHODUJHU
VWUHVVHVSDUWLFXODUO\WKRVHLQSODQHZLWKWKHUROOHUZLOOFDXVHZULQNOLQJWRRFFXUPRUHTXLFNO\DQGZLWKOHVV
SUHYLRXVEXLOG-XSRIUHVLGXDOPRPHQWVLQWKHEODQN 
 
Fig. 13 Effect of roller feed on tangential stress distributions at the end of the first pass 
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,QFUHDVLQJWKHIHHGUDWHUHGXFHVWKHWLPHWRIDLOXUHIRUDOOEXWPRGHOSDLUV6LPLODUWRWKHIHHGSHUSDVVWKH
HIIHFWRILQFUHDVLQJWKHIHHGUDWHLVDJDLQWRLQFUHDVHWKHVWUHVVHVLQWKHPDWHULDOGXULQJGHIRUPDWLRQKRZHYHU
WKHIHHGUDWHFRXOGQRWEHVKRZQWRKDYHDQ\HIIHFWRQ WKHEHQGLQJPRPHQWVSUHVHQW LQ WKHEODQNEHWZHHQ
SDVVHV 
 
Increasing the blank thickness increased the time to failure for all but 4 of the 12 model pairs, i.e. the 
wrinkling trend was reduced as the blank thickness increased. This result is well supported by the literature, 
concluded by Wang and Long [18], Kleiner et al. [19], Razavi et al. [27]. The edge stress distributions for 
models of different thicknesses before wrinkling are very similar both during the first pass and between the 
passes. It is likely that the thinner blank failed more quickly as its plastic moment is smaller than that of the 
thicker blank with the plastic moment being proportional to the thickness squared. There is more variation in 
these results than for those of any of the other variables tested. This may be due to the primary mode of 
deformation changing as the pass progresses; from shear forming when the roller is near the mandrel and the 
path is steep, to bending when the roller is near the edge of the blank.  
 
7KH <RXQJ¶V PRGXOXV ZDV IRXQG WR KDYH RQO\ D VPDOO HIIHFW RQ WKH VWUHVVHV GXULQJ IRUPLQJ ZLWK
FRPSUHVVLYHVWUHVVHV LQFUHDVLQJVOLJKWO\ZLWK WKH<RXQJ¶VPRGXOXV+RZHYHU WKHUHZDVDVLJQLILFDQW HIIHFW
RQ WKH UHVLGXDO VWUHVVHV LQ WKH EODQN EHWZHHQ WKH SDVVHV 7KH VWLIIHU PRGHOV W\SLFDOO\ KDG PXFK KLJKHU
UHVLGXDO VWUHVVHV FDXVLQJ WKHP WR FROODSVH LQWR DZULQNOHG VWDWHPRUHTXLFNO\ DVVKRZQ LQ)LJ :LWK D
ORZHU\LHOGVWUHVVWKHEODQNLVDEOHWRVXSSRUWOHVVEHQGLQJVWUHVVHVDQGWKHSODVWLFKLQJHIRUPVPRUHTXLFNO\
7KLVFDXVHVWKHEODQNWRZULQNOH,WLVSRVVLEOHWKDWIRUPDWHULDOVRIPXFKORZHU\LHOGVWUHVVHVWKHGHIRUPDWLRQ
PRGHZLOOFKDQJHIURPODUJHVFDOHEHQGLQJWRORFDOEHQGLQJLQGHQWDWLRQ,QFUHDVLQJWKHVWLIIQHVVRIWKHEODQN
PDWHULDO UHGXFHG WKH WLPH WR IDLOXUH 7KH FKDQJH RI VWUDLQ KDUGHQLQJ H[SRQHQW YDOXH SURGXFHG DOPRVW QR
FKDQJHLQWKHWLPHWRIDLOXUHWKLVLVDOPRVWFHUWDLQO\GXHWRWKHIDFWWKDWWKHVHPRGHOVZULQNOHGTXLFNO\ZLWK
YHU\OLWWOHSODVWLFGHIRUPDWLRQ 
 
 
Fig. 14 Effect of <RXQJ¶VPRGXOXV on tangential stress distributions at the end of the first pass 
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6. Conclusions 
 
The initiation of material wrinkling failure and effects of 6 process parameters and material properties were 
investigated. From the results obtained in this investigation, the following conclusions may be drawn: 
 
Winkling mechanism: It is observed from the FE simulation results that wrinkling instability in 
conventional metal spinning is caused by the build-up of residual bending moments, with collapse being 
initiated by the formation of a plastic hinge between the roller and the edge of the blank.  
 
Process parameters: The feed per pass and feed rate produce the most significant effect on the onset of 
wrinkling as large feeds and high feed rates increase the bending stresses of the blank in plane with the roller 
contact thus causing the formation of a plastic hinge more rapidly than smaller feeds and feed rates. The 
involute roller path of an angle of 40 degrees has been found to be optimum for the first roller pass. 
 
Blank thickness: Increasing the thickness of the blank delays the start of material wrinkling due to the fact 
that the plastic moment is proportional to the thickness squared. This shows that shear deformation is 
significant in conventional spinning. The amount of variability in response suggests that the main mode of 
material deformation changes throughout the roller pass. 
 
Material properties: Increasing the yield stress causes slightly higher stresses in the forming area however 
the blank is able to resist wrinkling for longer. While increasing the <RXQJ¶V modulus of the blank does 
slightly increase the stresses during the forming process it has a dramatic effect on the magnitude of the 
residual moments present in the blank. The strain hardening exponent is found to have no significant effect. 
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Appendix 1: List of model runs for Box-Behnken design 
Case 
Number 
Feed per 
pass (mm) 
Feed rate 
(mm/s) 
Yield stress 
(MPa) 
Strain 
hardening 
exponent 
Thickness 
(mm) 
<RXQJ¶V
modulus 
(MPa) 
Time to 
failure (s) 
1 10.625 5.1 250 0.0663 1.4 178200 4.33 
2 10.625 5.1 250 0.0897 1.4 178200 4.40 
3 10.625 6.9 250 0.0663 1.4 178200 3.51 
4 10.625 6.9 250 0.0897 1.4 178200 3.50 
5 14.375 5.1 250 0.0663 1.4 178200 4.38 
6 14.375 5.1 250 0.0897 1.4 178200 4.37 
7 14.375 6.9 250 0.0663 1.4 178200 3.78 
8 14.375 6.9 250 0.0897 1.4 178200 3.55 
9 12.5 5.1 212.5 0.078 1.19 178200 4.43 
10 12.5 5.1 212.5 0.078 1.61 178200 2.04 
11 12.5 5.1 287.5 0.078 1.19 178200 1.93 
12 12.5 5.1 287.5 0.078 1.61 178200 2.62 
13 12.5 6.9 212.5 0.078 1.19 178200 3.00 
14 12.5 6.9 212.5 0.078 1.61 178200 3.11 
15 12.5 6.9 287.5 0.078 1.19 178200 3.57 
16 12.5 6.9 287.5 0.078 1.61 178200 3.64 
17 12.5 6 212.5 0.0663 1.4 151470 2.78 
18 12.5 6 212.5 0.0663 1.4 204930 3.67 
19 12.5 6 212.5 0.0897 1.4 151470 2.79 
20 12.5 6 212.5 0.0897 1.4 204930 3.58 
21 12.5 6 287.5 0.0663 1.4 151470 4.79 
22 12.5 6 287.5 0.0663 1.4 204930 4.01 
23 12.5 6 287.5 0.0897 1.4 151470 4.53 
24 12.5 6 287.5 0.0897 1.4 204930 4.15 
25 10.625 6 250 0.0663 1.19 178200 3.15 
26 10.625 6 250 0.0663 1.61 178200 3.90 
27 10.625 6 250 0.0897 1.19 178200 3.02 
28 10.625 6 250 0.0897 1.61 178200 3.66 
29 14.375 6 250 0.0663 1.19 178200 1.93 
30 14.375 6 250 0.0663 1.61 178200 2.01 
31 14.375 6 250 0.0897 1.19 178200 2.07 
32 14.375 6 250 0.0897 1.61 178200 2.00 
33 12.5 5.1 250 0.078 1.19 151470 5.71 
34 12.5 5.1 250 0.078 1.19 204930 4.44 
35 12.5 5.1 250 0.078 1.61 151470 4.77 
36 12.5 5.1 250 0.078 1.61 204930 2.35 
37 12.5 6.9 250 0.078 1.19 151470 1.67 
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38 12.5 6.9 250 0.078 1.19 204930 1.59 
39 12.5 6.9 250 0.078 1.61 151470 3.22 
40 12.5 6.9 250 0.078 1.61 204930 2.32 
41 10.625 6 212.5 0.078 1.4 151470 3.57 
42 10.625 6 212.5 0.078 1.4 204930 3.28 
43 10.625 6 287.5 0.078 1.4 151470 3.68 
44 10.625 6 287.5 0.078 1.4 204930 3.66 
45 14.375 6 212.5 0.078 1.4 151470 4.16 
46 14.375 6 212.5 0.078 1.4 204930 1.34 
47 14.375 6 287.5 0.078 1.4 151470 2.00 
48 14.375 6 287.5 0.078 1.4 204930 3.55 
49 12.5 6 250 0.078 1.4 178200 4.33 
 
 
